Anoxic and aerobic batch reactor assays using a two-by-two factorial design were developed to determine the potential activity of autotrophic denitrification and heterotrophic nitrification in biological nutrient removal (BNR) activated sludge systems, especially those accomplishing simultaneous BNR (SBNR). Results from the application of these assays to three full scale closed loop bioreactors previously documented to be accomplishing SBNR demonstrated that these activities were minimal in comparison with the conventionally recognized activities of heterotrophic denitrification and autotrophic nitrification. Activity within the mixed liquor consistent with current theories for phosphorus accumulating organisms (PAOs) was also observed. Along with other observations, this suggests the presence of PAOs in the facilities studied.
Introduction
Simultaneous biological nutrient removal (SBNR) has been observed in numerous bioreactors without formal anaerobic or anoxic zones. Evidence is growing that significant SBNR can occur in many systems, including those already configured for biological nutrient removal (BNR). SBNR offers several potential advantages, but they cannot be fully realized until the mechanisms responsible for SBNR are better characterized. Recognizing the significant potential for SBNR systems, a research program has been initiated to better understand and characterize their operating mechanisms. Analysis suggests that three principal mechanisms may be responsible for SBNR (Daigger and Littleton, 2000) : (1) Novel Microorganisms -Recent advances in microbiology have revealed the existence of microorganisms using previously unrecognized biochemical pathways that could account for nutrient removal in aerated bioreactors; (2) Floc Micro-Environment -Anoxic and/or anaerobic zones may develop inside the activated sludge flocs; and (3) Bioreactor Macroenvironment -Anoxic and/or anaerobic zones may develop within the bioreactor as a result of the mixing pattern caused, for example, by the oxygen transfer device.
The research reported in this paper evaluates the relative role of novel microorganisms for nitrogen removal in BNR systems. A series of batch assays were developed to assess the activity of autotrophic denitrifiers and heterotrophic nitrifiers -aerobic denitrifiers, relative to the conventionally recognized activities of heterotrophic denitrification and autotrophic nitrification in samples of freshly collected biomass from three SBNR plants. The assays were based on the known biochemistry of these organisms (Bock et al., 1995; Geraats et al., 1990; Kuai and Vertsraete, 1998; Robertson and Kuenen, 1990; van Loosdrecht and Jetten, 1998) . Anaerobic/aerobic batch assays, with acetate addition at the beginning of the anaerobic period, were also conducted to characterize the activity of phosphorus accumulating organisms (PAOs). The assays were applied to three full-scale wastewater treatment plants (WWTPs) previously demonstrated to be accomplishing SBNR (Daigger and Littleton, 2000) . Table 1 summarizes the batch assays. Anoxic batch tests were used to assay the activity of autotrophic denitrifiers relative to heterotrophic denitrifiers, while aerobic batch tests were used to assay the activity of heterotrophic nitrifiers relative to autotrophic nitrifiers. Excess nitrate is provided in the anoxic assays to ensure its availability, while excess dissolved oxygen is provided in the aerobic assays by aeration with atmospheric air. A two-by-two factorial design was used for each set of assays -the presence or absence of nitrite and ammonia were used to assay for autotrophic denitrifiers while the presence or absence of acetate and ammonia were used to assay for heterotrophic nitrification. Autotrophic denitrifiers use ammonia as the electron donor and nitrite as the electron acceptor when oxygen is absent. Thus, the activity of these organisms is maximized in Reactor 4 where both are present. Reactor 3, with ammonia present and nitrite absent, provides a control for ammonia production by cell decay, while Reactor 2, with nitrite present and ammonia absent, provides a control for nitrite consumption by heterotrophs. The activity of heterotrophic nitrifiers is maximized when both ammonia and readily biodegradable organic matter (such as acetate) are present under aerobic conditions. Thus, the activity of these organisms is maximized in Reactor 8, where all are present. Reactor 7, where ammonia is present but acetate is absent, provides a control for autotrophic nitrifiers. Volumetric nitrogen conversion rates were measured in the batch reactors and subjected to statistical analysis. Assay times were designed based on the full-scale nitrification rate so that activity relevant to the full-scale system can be observed in the batch reactors while preventing extensive growth that could lead to activity not representative of the treatment plant microbial communities.
Materials and methods
To evaluate the effects of different microbial communities, field experiments were conducted using mixed liquor from three WWTPs. All three plants are Orbal™ oxidation ditches which have previously been demonstrated to accomplish significant SBNR (Daigger and Littleton, 2000) .
Nitrogen removal batch assay
A sample of mixed liquor from the outer channel of the full-scale close looped oxidation ditch was freshly collected and split into four batch reactors (numbered 1 through 4 for the anoxic tests and 5 through 8 for the aerobic tests). All experiments were conducted at room temperature. Dissolved oxygen (DO) and pH were monitored during the experiment, and KH 2 PO 4 buffer solution (pH 7.2 ) was added to all reactors to minimize pH changes due to ammonia oxidation. Magnetic stirrers were used during the test for mixing. Samples were collected twice in the first hour and then at one hour intervals for 6 to 8 hours for the anoxic tests and at 15 and 30 minutes and then every half hour for 3.5 hours for the aerobic tests, centrifuged to remove biological solids, and analyzed for inorganic nitrogen species (ammonia, nitrite, and nitrate). The test solutions (containing ammonia to about 20 mg/L as N, nitrite to about 20 mg/L as N) were added to the appropriate anoxic batch reactors. In order to minimize nitrite consumption by heterotrophic endogenous respiration, and to ensure that nitrite was available to the organisms of interest, 15 to 30 mg/L as N of nitrate was added to all the anoxic batch reactors. The added phosphate buffer and nitrate were mixed initially without aeration. All reactors were then purged with N 2 gas before the test solution was added and during each sampling event. A positive gas pressure was maintained with nitrogen gas in the anoxic reactors in order to prevent leakage of oxygen into the reactors, especially during the intensive sampling periods.
No nitrate-nitrogen was added to the aerobic batch reactors, and DO concentration was maintained greater than 4 mg/L. Ammonia to about 20 mg/L as N, and/or acetate to about 80 mg/L as COD, were added to the aerobic reactors, as needed, to produce the test conditions outlined in Table 2 . No special precautions were necessary concerning sample withdrawal.
Anaerobic/aerobic batch assay
An anaerobic/aerobic batch test consisting of anaerobic conditions for 75 minutes and four hours for the aerobic period was used to assess the activity of PAOs. The same apparatus and test procedures were used for the nitrogen removal anoxic batch assay. Fresh mixed liquor was collected from the outer channel of the Orbal™ oxidation ditch and split into two duplicate reactors. DO and pH were monitored, and 30 mg/L of acetate was added to the reactors after purging N 2 gas to ensure anaerobic conditions. Acetate was thoroughly mixed by magnetic stirring for 1 to 2 minutes before sampling was initiated. Samples were collected after acetate addition at 15 minute intervals for 75 minutes for the anaerobic period, and 15 minutes initially and at half-hour intervals after 30 minutes for 3.5 hours for the aerobic period. After centrifugation, the supernatants were analyzed for total phosphate during the anaerobic and aerobic tests, and for nitrate during the anaerobic period.
Analytical methods
All tests were conducted in accordance with Standard Methods for Examination of Wastewater (18th Edition), or equivalent procedures. Ammonia-nitrogen was analyzed by an ammonia-selective electrode, method 4500-NH 3 -N D, using an ORION Research digital ion analyzer model 701A. Nitrate-nitrogen was measured using a cadmium reduction column, method 4500-NO 3 -E. The filtrate was analyzed at 543 nm via a UV visible spectrophotometer. Nitrite-nitrogen was determined by the 4500-NO 2 -B colorimetric method at 543 nm by UV visible spectrophotometery. All samples were analyzed within 48 hours after sampling, without preservation. The pH and DO meters were frequently calibrated before and during the test. Deionized, ammonia free water was used for all test analyses. Analysis of total dissolved phosphate was conducted with EPA Method 365.2, P-D 00666 (Ascorbic acid) UV via spectrophotometery at 880 nm.
Results and discussion
Anoxic batch assays Figure 1 presents a typical anoxic batch assay result. Careful examination of these data reveals several important trends. First, the ammonia concentration increases in all four anoxic reactors. This is not surprising because ammonia-nitrogen will be released as a result of cell decay. Consumption of ammonia by autotrophic denitrification is obviously not significant in relation to this ammonia-nitrogen release mechanism since ammonianitrogen does not decrease in any of the batch reactors. Secondly, nitrate was consumed in all four reactors. This is not surprising and, presumably, is a result of endogenous respiration by heterotrophs using nitrate as a terminal electron acceptor. In fact, this reaction could cause significant total inorganic nitrogen (TIN) consumption in the batch reactors. Third, nitrite was not produced in Reactors 1 and 3 where none was added. There was, however, a slight decrease in Reactors 2 and 4 where nitrite was added. Fourth, TIN is consumed in all four reactors. The TIN reduction closely reflects the decreases in nitrate-nitrogen, reduced slightly by the small increases in ammonia-nitrogen. Nitrate was present throughout the entire test. Thus, nitrate, and in some cases nitrite, was available for autotrophic denitrifiers and heterotrophs throughout the assay.
The upper half of Table 2 summarizes the results from the anoxic batch reactor tests from all three WWTPs. The results indicate that the difference in the nitrite-nitrogen reduction rate between Reactors 2 and 4 is not statistically significant for any of the experimental runs. The rate here is so small that this is probably a statistical anomaly and in any case is negative not positive as expected if autotrophic denitrifiers were active. Thus, no autotrophic denitrification activity is indicated by this comparison. The ammonia-nitrogen production rate is also not significantly different, except for Hammonton where it is higher in Reactor 4 (not lower, as would result from autotrophic denitrification). The difference in TIN reduction is statistically significant at Elmwood and Hartford Road (increased by about 20% when nitrite is added), but not at Hammonton. However the difference of magnitude is expected when NO 2 is substitute for NO 3 as electron acceptor. From this comparison, there is no evidence to show substantial autotrophic denitrification.
Much of the decrease in total inorganic nitrogen in the anoxic batch assays could have been due to heterotrophic decay under anoxic conditions. This is essentially digestion of the biomass using nitrite or nitrate as the electron acceptor. The stoichiometric relationship between biomass destruction, ammonia release, and nitrate consumption is generally known. Typically, the nitrogen content of biomass is 0.08 to 0.1 mg N/mg Biomass COD (the default value for the International Association on Water Quality Activated Sludge Models No. 1 and 2 is 0.087 -Grady, Daigger, and Lim, 1999) . Thus, the release of 1 mg/L of ammonia-N is associated with the oxidation of between (1/0.08 =) 12.5 and (1/0.1 =) 10 mg/L of biomass COD. Since the oxygen equivalent of nitrate is 2.86 mg of O 2 equivalent/mg nitrate-nitrogen (Grady, Daigger, and Lim, 1999) , the nitrate-nitrogen required to oxidize between 10 and 12.5 mg/l of biomass COD is (10/2.86 =) 3.5 to (12.5/2.86 =) 4.4 mg/l as N. Therefore, in the anoxic tests the ratio of nitrate-nitrogen denitrified to the ammonia-nitrogen released is expected to be between about 3.5 and 4.4 mg nitratenitrogen/mg ammonia-nitrogen for heterotroph decay. The relationship between nitrate reduction and ammonia production was determined for each of the anoxic batch tests by plotting the nitrate-nitrogen reduced versus the ammonia-nitrogen produced and calculating the relationship between the two using linear regression. The results (Table 3) indicate that the experimental results are not statistically different from the theoretical predictions presented above. The close fit of the experimental results to the theoretical values suggests that biomass decay was the principal mechanism of ammonia production and nitrate removal in the anoxic batch tests.
These results suggest a second analysis. If biomass decay is the principal mechanism, then the nitrate-nitrogen destruction rate can be used to estimate the first order biomass decay rate. The volumetric nitrate-nitrogen destruction rate is determined by linear regression of the nitrate-nitrogen concentration versus time, with the result expressed in units of mg nitrate-N/L-hr. Multiplying by 2.86 mg O 2 equivalent/mg nitrate-N gives the COD destruction rate in mg COD/L-hr. Dividing by 1.42 mg COD/mg VSS (typical for biomass, Grady, Daigger, and Lim, 1999) will give the VSS destruction rate in mg VSS/L-hr. The calculated values (Table 3 ) are in the range of 0.03 to 0.05 day -1 , which compares well with typical aerobic first order decay rates for activated sludge of about 0.05 day -1 (Metcalf & Eddy, 1979) . So, in summary, the results indicate that the production of one 1 mg/L ammonia-nitrogen by heterotroph decay will consume 3.8 to 4.5 mg/L of nitrate-nitrogen. This result is consistent with theoretical values of 3.5-4.4 mg nitrate-N/mg ammonia-N. The calculated decay rates are also very reasonable compared to expected first order decay rates of 0.05 d -1 for activated sludge.
Statistical analysis of the results from anoxic batch assays from the three plants studied indicated that autotrophic denitrifier activity may be present in at most only slight amounts. The stoichiometry and kinetics of nitrate reduction relative to ammonia production demonstrated that the principal conversion occurring in the batch reactors was decay of heterotrophs using nitrate as terminal electron acceptor (i.e. anoxic decay). Thus, the batch assay proved successful in identifying the principal activities in the full-scale mixed liquor.
Aerobic batch assays Figure 2 provides a typical aerobic batch assay result. Careful examination of these data again reveals several important trends. First, very little inorganic nitrogen is present in either Reactors 5 or 6, and only limited conversions occur. However, some inorganic nitrogen production is suggested in Reactor 5 where no ammonia or acetic acid was added. This is probably a result of biomass decay, resulting in the release of ammonianitrogen, which is subsequently nitrified. The growth of heterotrophs as a result of acetic acid addition to Reactor 6 could have consumed the ammonia-nitrogen released by biomass decay, resulting in essentially no change in inorganic nitrogen. Secondly, substantial nitrification occurs in both Reactors 7 and 8, as evidenced by the decline in ammonia-nitrogen and the corresponding increase in nitrate-nitrogen. Note that little nitrite is produced in either of these reactors, suggesting that ammonia-nitrogen oxidation to produce nitrite-nitrogen and nitrite-nitrogen oxidation to produce nitrate-nitrogen are balanced. Finally, the TIN concentration remains nearly constant in both Reactors 7 and 8. Thus, there is essentially no net production or consumption of inorganic nitrogen in these two Reactors after the first 15-30 minutes. Table 2 summarizes the results (in the lower half of the table) from the aerobic batch reactor tests from all three WWTPs. The results show that the difference in ammonianitrogen reduction rates between Reactors 7 and 8 is statistically significant in Elmwood run 2 and Hartford Road, but not in the other 3 cases. However, the nitrate-nitrogen production rates are not significantly different between Reactors 7 and 8 for any of the tests. We can reasonably expect that, with additional acetate, we will get additional biomass growth, therefore higher NH 4 + reduction in R8 due to cell synthesis. Nitrate production is the clearest indicator of nitrification in the process. The results indicate that heterotrophic nitrification is negligible. Statistical analysis of the results from aerobic batch assays from the three plants studied indicated that heterotrophic nitrification was not statistically significant. Rather, autotrophic nitrification, with balanced populations of ammonia and nitrite oxidizing organisms, was the principal activity in the aerobic batch assays.
Anaerobic/aerobic batch assays
Results from two anaerobic/aerobic batch assays from the Elmwood WWTP are shown in Figure 3 . Rapid and significant phosphate release occurs during the anaerobic period in response to the acetate added to begin this period. Approximately 15 mg/L as P of dissolved phosphate is released as a result of the addition of 30 mg/L of acetate. Typically 0.4 to 0.6 mg as P of phopshate is released by PAOs for every mg of acetate taken up in the anaerobic zone (IWA, 2000; Henze et al., 1999; Filipe and Daigger, 1998; Barker and Dold, 1997a and b) . Thus, the magnitude of the observed phosphate release is consistent with the observed stoichiometry of PAOs. It is also interesting to observe that substantial phosphate release is obviously occurring, even though such release is not typically observed in the full-scale facility (Daigger and Littleton, 2000) .
Rapid and nearly complete uptake of released phosphate occurred upon the initiation of aerobic conditions. Phosphate uptake was nearly complete within about 60 minutes. The measured zero-order phosphate uptake rate is 562 mg-P/L-d. According to ASM No. 2d, the specific uptake rate for PAOs is 1.5 g P/ g of VSS PAOs-day (IWA, 2000; Henze et al., 1999) . Based on the observed bulk phosphate uptake rate, and this specific rate, the PAO Figure 3 Elmwood sludge phosphorus metabolism during anaerobic/aerobic batch assay concentration can be calculated to be 374 mg/L as VSS, which is 12.6 per cent of the total mixed liquor (MLVSS = 2,960 mg/l).
Phosphorus release of approximately 0.5 mg-P/mg acetate was observed during the anaerobic period of the anaerobic/aerobic batch assay, followed by rapid phosphorus uptake in the aerobic period. These results verified that substantial activity consistent with current biochemical models for the PAOs is present in the mixed liquor.
Conclusions
A simple set of batch assays was used to assess the principal nitrogen conversion activities present in mixed liquors from three full-scale closed loop oxidation ditch activated sludge plants accomplishing SBNR. For the three plants evaluated the principal conversions were ammonification, autotrophic nitrification and heterotrophic denitrification. The populations of ammonia oxidizing and nitrite oxidizing organisms were balanced, resulting in little accumulation of nitrite. Activity consistent with current understanding of the behavior of PAOs was also observed in the mixed liquor. These results suggest that novel microorganisms are not principally responsible for the SBNR observed in the three full-scale closed loop bioreactors evaluated in this research.
